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We present a phenomenological analysis of available data on single spin asymmetries for pion and
D meson production in proton-proton collisions at RHIC within the color gauge invariant gener-
alized parton model (CGI-GPM), which includes initial (ISIs) and final (FSIs) state interactions
in a transverse momentum dependent formalism. This study allows us, for the first time, to put
preliminary constraints on the two independent gluon Sivers functions entering the model. We
also present a comparison with the simpler generalized parton model (without ISIs and FSIs).
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1. Introduction and formalism
Transverse single-spin asymmetries (SSAs) in high-energy lepton-proton and proton-proton
collisions are useful tools to probe the three-dimensional structure of the proton. In this contribution
we will focus on the inclusive production of pions and D mesons in proton-proton scattering, i.e.
p↑p→ hX with h = pi or D. For these processes, SSAs are defined as
AN ≡ dσ
↑−dσ↓
dσ↑+dσ↓
≡ d∆σ
2dσ
, (1.1)
with dσ↑(↓) being the cross section in which one of the incoming protons is transversely polarized
with respect to the production plane along a direction ↑ (↓).
For the calculation of the asymmetries, we adopt the generalized parton model (GPM) [1],
which assumes the validity of factorization of soft and hard parts, and includes both spin and
transverse momentum effects. If the transversely polarized proton moves along the zˆ-axis and we
denote by fˆa/p↑ (xa,k⊥a) the number density of its parton a, with light-cone momentum fraction xa
and transverse momentum k⊥a = k⊥a(cosφa,sinφa), the numerator of AN is sensitive to
∆ fˆa/p↑ (xa,k⊥a) ≡ fˆa/p↑ (xa,k⊥a)− fˆa/p↓ (xa,k⊥a) =−2
k⊥a
Mp
f⊥a1T (xa,k⊥a) cosφa , (1.2)
where Mp is the proton mass and f⊥a1T (xa,k⊥a) is the Sivers function [2], which describes the az-
imuthal distribution of an unpolarized parton a inside a transversely polarized proton. The Sivers
function fulfills the following positivity bound
2
k⊥a
Mp
| f⊥a1T (xa,k⊥a)| ≤ fˆa/p↑ (xa,k⊥a) + fˆa/p↓ (xa,k⊥a) ≡ 2 fa/p (xa,k⊥a) , (1.3)
with fa/p (xa,k⊥a) being the transverse momentum dependent distribution (TMD) of an unpolarized
parton a inside an unpolarized proton.
In the original formulation of the GPM, the Sivers function is taken to be universal. On the
other hand, we expect that universality could be broken by the presence of nonperturbative initial
(ISIs) and final (FSIs) state interactions of the active partons in a specific process with the polarized
proton remnants. The effects of ISIs and FSIs have been initially taken into account in the calcu-
lation of the quark Sivers function [3, 4], by using a one-gluon exchange approximation. In this
approach, known as color gauge invariant generalized parton model (CGI-GPM), the quark Sivers
function is still universal, but is convoluted with modified partonic cross sections into which the
process dependence is absorbed.
This model has been also extended to the gluon sector [5, 6]. Since for three colored gluons
there are two different ways of forming a color singlet state, either through an f -type (totally anti-
symmetric, even under charge conjugation) or a d-type (symmetric and odd under C-parity) color
combination, one needs to introduce two independent gluon Sivers functions: f⊥g( f )1T and f
⊥g(d)
1T .
2. Single spin asymmetries within the CGI-GPM framework
In this section, we provide the leading order (LO) expressions for the numerators of the SSAs
for the process p↑p→ hX , which can be used to extract information on the so-far poorly known
1
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gluon Sivers function. Within the GPM one can write, schematically,
d∆σ ∝ ∑
a,b,c,d
(
−k⊥a
Mp
)
f⊥a1T (xa,k⊥a)cosφa⊗ fb/p(xb,k⊥b)⊗HUab→cd⊗Dh/c(z,k⊥h) , (2.1)
where Dh/c is the fragmentation function of parton c into h, which depends on the variables z (the
light-cone momentum fraction of c carried by h) and k⊥h (the transverse momentum of h with
respect to the direction of c). Moreover, the symbol ⊗ stands for a convolution in the transverse
momenta and light-cone momentum fractions, while the hard functions HUab→cd are related to the
unpolarized cross sections for the partonic processes ab→ cd.
If the parton a inside the polarized proton is a quark or an antiquark, the numerator of the
asymmetry in the CGI-GPM can be formally obtained from Eq. (2.1) by means of the substitution
f⊥q1T ⊗HUqb→cd −→ f⊥q1T ⊗HIncqb→cd , (2.2)
where HIncqb→cd is the modified hard function for the process qb→ cd. On the other hand, if a = g,
one has to consider two contributions,
f⊥g1T ⊗HUgb→cd −→ f⊥g( f )1T ⊗HInc( f )gb→cd + f⊥g(d)1T ⊗HInc(d)gb→cd , (2.3)
corresponding to the f - and d-type gluon Sivers functions.
Concerning p↑p→ pi X , the LO f -type hard functions for the gluon induced subprocesses can
be written in terms of the usual Mandelstam variables as follows [6]
HInc( f )gq→gq = H
Inc( f )
gq¯→gq¯ =−
sˆ2 + uˆ2
4sˆuˆ
(
sˆ2
tˆ2
+
1
N2c
)
, HInc( f )gq→qg = H
Inc( f )
gq¯→q¯g =−
sˆ4− tˆ4
4sˆtˆ uˆ2
,
HInc( f )gg→qq¯ = H
Inc( f )
gg→q¯q =−
Nc
4(N2c −1)
tˆ2 + uˆ2
tˆ uˆ
(
tˆ2
sˆ2
+
1
N2c
)
, HInc( f )gg→gg =
N2c
N2c −1
(
tˆ
uˆ
− sˆ
uˆ
)
(sˆ2 + sˆtˆ + tˆ2)2
sˆ2tˆ2
,
(2.4)
where Nc is the number of colors. For the d-type hard functions, we have
HInc(d)gq→gq =−HInc(d)gq¯→gq¯ =
sˆ2 + uˆ2
4sˆuˆ
(
sˆ2−2uˆ2
tˆ2
+
1
N2c
)
, HInc(d)gq→qg =−HInc(d)gq¯→q¯g =−
sˆ2 + tˆ2
4sˆtˆ
(
sˆ2+tˆ2
uˆ2
− 2
N2c
)
,
HInc(d)gg→qq¯ =−HInc(d)gg→q¯q =−
Nc
4(N2c −1)
tˆ2 + uˆ2
tˆ uˆ
(
tˆ2−2uˆ2
sˆ2
+
1
N2c
)
, HInc(d)gg→gg = 0 , (2.5)
showing that, in principle, both gluon Sivers distributions can contribute to the asymmetry. Analo-
gous quantities for the quark induced subprocesses have been included in our calculation. They are
not shown here, but can be found in Ref. [3]. Moreover, we point out that, although AN can also
originate from the fragmentation of transversely polarized quarks through the competing Collins
mechanism [7], this effect is negligible for the RHIC kinematics under study here [6].
Turning to p↑ p → DX , at LO the underlying subprocesses are qq¯→ cc¯ and gg→ cc¯. The
modified hard functions for the dominant gluon fusion processes read
HInc( f )gg→cc¯ = H
Inc( f )
gg→c¯c =−
Nc
4(N2c −1)
1
t˜ u˜
(
t˜2
s˜2
+
1
N2c
)(
t˜2 + u˜2 +4m2c s˜−
4m4c s˜
2
t˜ u˜
)
,
HInc(d)gg→cc¯ =−HInc(d)gg→c¯c =−
Nc
4(N2c −1)
1
t˜ u˜
(
t˜2−2u˜2
s˜2
+
1
N2c
)(
t˜2 + u˜2 +4m2c s˜−
4m4c s˜
2
t˜ u˜
)
, (2.6)
2
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Figure 1: Maximized gluon Sivers contributions to AN for p↑p→ pi0 X as a function of pT , together with
the quark Sivers effect (left panel); results for AN obtained with a reduced f -type and a negative saturated
d-type gluon Sivers functions, i.e. withN ( f )g = 0.1 andN
(d)
g =−1 (right panel). The shaded area describes
a ±20% uncertainty onN ( f )g . Data are from Ref. [8].
where we have introduced the invariants
s˜≡ (pa + pb)2 = sˆ , t˜ ≡ (pa− pc)2−m2c = tˆ−m2c , u˜≡ (pb− pc)2−m2c = uˆ−m2c , (2.7)
and mc is the charm mass. Notice that all the contributions to AN , other than the Sivers one, are
strongly suppressed after integration over transverse momenta and can therefore be neglected [5].
3. Numerical results
In this section, we show how a combined analysis of SSAs for midrapidity pion and D-meson
production can constrain the two gluon Sivers functions in the CGI-GPM. We assume that both
distributions can be parametrized in term of the unpolarized collinear gluon density fg/p(x) as
∆N fg/p↑(x,k⊥)≡
(
−2 k⊥
Mp
)
f⊥g1T (x,k⊥) = 2Ng(x) fg/p(x)h(k⊥)
e−k2⊥/〈k2⊥〉g
pi〈k2⊥〉g
, (3.1)
with
Ng(x) = Ngxα(1− x)β (α+β )
(α+β )
ααβ β
h(k⊥) =
√
2e
k⊥
M′
e−k
2
⊥/M
′2
, (3.2)
where |Ng| ≤ 1. We also define the additional parameter ρ = M′2/(〈k2⊥〉g +M′2), with 0 < ρ < 1.
We first consider the PHENIX data for the process p↑p→ pi0 X at √s = 200 GeV and central
rapidities as a function of pT [8]. In order to assess the role of the f - and d-type Sivers functions,
in the left panel of Fig. 1 we maximize their effects by saturating the positivity bound for their
x-dependent parts (i.e. Ng(x) = ±1), assuming ρ = 2/3. It turns out that the d-type contribution
to AN is suppressed because of the cancellation between the gq and gq¯ channels, entering with a
relative opposite sign, and the absence of the gg→ gg contribution, relevant at moderate values
of pT , as evident from (2.5). The quark Sivers effect, determined from fits to semi-inclusive deep
inelastic scattering data, is completely negligible. In contrast, the GPM framework gives the largest
maximized effect, since its partonic contributions are all positive and unsuppressed. SSAs com-
patible with the very tiny and positive data points could be obtained, in a conservative scenario, if
3
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Figure 2: Contributions of f⊥g(d)1T to AN for p
↑p→ µ+ X (left panel) and p↑p→ µ−X (right panel) from
D-meson decay as a function of xF . The maximized effects correspond toN
(d)
g =+1 (thin solid lines) and
N
(d)
g =−1 (thin dash-dotted lines). Predictions within the GPM are also presented. Data are from Ref. [9].
a relative cancellation between the f - and d-type Sivers functions occurs, with a strongly reduced
and positive f -type Sivers function. The results forN ( f )g (x) =+0.1 andN
(d)
g (x) =−1 are shown
in the right panel of Fig. 1, together with an overall uncertainty band of about ±20% onN ( f )g .
Our results for D-meson production have to be converted to SSAs for their muon decay prod-
ucts for a direct comparison with the data [9]. The number and precision of the available data points
do not allow for a true fit. However, important information can be obtained by adopting a very sim-
ple scenario with N ( f ,d)g (x) ≡ N( f ,d)g . In Fig. 2 the maximized d-type contributions are shown
by thin lines: the full one corresponds to N (d)g = +1, while the dash-dotted one to N
(d)
g = −1.
We note that the data at positive values of the Feynman variable xF are largely overestimated. On
the other hand, the choice |N (d)g | ≤ 0.15, with a slight preference for positive values because of
the positive µ+ data point, allows for a fair agreement with the data, as shown by the thick lines
in Fig. 2 for both µ+ (left panel) and µ− (right panel) production. The f -type contribution with
N
( f )
g = 0.1 is suppressed and therefore not shown explicitly. Moreover, predictions within the
GPM approach are also presented, showing a good agreement with the data. We note that the
GPM gluon Sivers function is also parametrized according to (3.1)-(3.2), with 〈k2⊥〉g = 1 GeV2 and
Ng = 0.25, α = 0.6, β = 0.6, ρ = 0.1, as extracted in Ref. [6] from the neutral pion data [8].
Going back to the pion SSAs, we find that, by varying N (d)g in the range −0.15 ≤N (d)g ≤
+0.15 with ρ = 2/3, a very good description of both the µ± and pi0 data is possible ifN ( f )g varies
in the range +0.05≥N ( f )g ≥−0.01. More precisely,
N
(d)
g =−0.15 =⇒N ( f )g =+0.05 , N (d)g =+0.15 =⇒N ( f )g =−0.01 . (3.3)
Hence we find that a stronger reduction of f⊥g( f )1T emerges from this combined analysis.
The absolute values of the first transverse moments of the Sivers functions obtained above,
∆N f (1)g/p↑(x) =
∫
d2k⊥
k⊥
4Mp
∆N fg/p↑(x,k⊥)≡− f⊥(1)g1T (x) . (3.4)
are presented in Fig. 3 for the GPM and the CGI-GPM frameworks, with N( f )g = 0.05 and N
( f )
g =
0.15, together with the positivity bound in (1.3). Notice that the gluon Sivers distribution in the
GPM, for which the hard partonic functions are all positive, is the smallest.
4
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Figure 3: Values of the first transverse moments of the resulting gluon Sivers functions at Q2 = 2 GeV2.
To conclude, we have performed a first attempt towards a quantitative study of the process
dependence of the gluon Sivers function. Although we are not able yet to clearly discriminate
between the GPM and the CGI-GPM frameworks, our results are encouraging; they have been
used to provide predictions for AN in p↑p→ J/ψ X and p↑p→ γ X [6], both under study at RHIC.
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